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1. Introduction {#sec1}
===============

Just like carbon which has carbon nanotubes (CNTs) as one of its allotropes, boron nitride nanotubes (BNNTs) are polymorphs of boron nitride. Unlike CNTs which have high electrical conductivity properties, BNNTs have a high band gap energy of around 6 eV,^[@ref1]^ which makes them high band gap semiconductors.^[@ref2],[@ref3]^ This high band gap is due to the combination of both ionic and covalent bonds in boron nitride. BNNTs are pure white in color, whereas CNTs are black and the former has better ability to capture neutrons paving new ways in the fields where harmful radiations are encountered. Additionally, BNNTs have superior mechanical properties which can be compared to CNTs, having elastic modulus in the order of terapascal^[@ref4]^ but the latter has a low oxidation stability.^[@ref5],[@ref6]^ There are several ways by which BNNTs can be synthesized, which include ball milling, arc discharge, laser ablation, plasma jet, and chemical vapor deposition.^[@ref7]^ Of all these methods, chemical vapor deposition is the simplest and economical compared to other techniques. BNNTs can be used as nanofillers for reinforcing composite materials; even 1% addition of BNNT fillers to the polymer was found to increase the elastic modulus of the composite.^[@ref8]^

There are several devices on which digital data can be stored viz., hard drives, flash drives, CDs, and so forth. In a traditional hard drive, the platter is given a magnetic coating which is used to store information in the form of binary codes. The hard drive is a complex device which has several moving parts, which itself makes hard drives a liability, and they are also slow; this is the reason for the switch toward solid-state drives.

Only in the late eighties, the presence of magnetism in semiconductors was discovered when the semiconductor was doped with transition metals; materials which exhibited both magnetic and semiconducting properties were known as magnetic semiconductors. These combined magnetic and semiconducting properties could be highly useful in spintronic devices.^[@ref9],[@ref10]^ Spintronics is the study of transport phenomena which depend on the electron spin.^[@ref11]^ The presence of ferromagnetism and semiconductivity in a single material is highly sought after. Unlike conventional semiconductors in which data are encoded on the holes and electrons, in magnetic semiconductors, the spin could be used to encode the data and by doing so the devices could be manufactured at the nanoscale.

Previous studies on BNNTs revealed that only doping of certain materials such as carbon or fluorine imparted magnetic properties to them.^[@ref12]−[@ref14]^ This suggests that here, in this work, nickel is the reason why the nanotubes exhibit magnetism. Later, it was found out that even doping BNNTs with certain transition metals brought about magnetism.^[@ref15],[@ref16]^ Thus, it can be stated that magnetism can only be induced in BNNTs with dopants and magnetism is not an inherent property of the nanotubes. In one study where a sandwich BNNT spin transistor was fabricated with nickel as electrodes, induced magnetism was found in the interface of the nanotube-nickel junction, not anywhere else. This further proves that an external agent is necessary to make BNNTs exhibit some form of magnetism.^[@ref17]^

As of now, the widely studied magnetic semiconducting material is gallium arsenide doped with manganese. However, the major drawback is that it has a low curie temperature (*T*~c~), very much below the room temperature,^[@ref18]^ making its commercialization a difficult task.

In this work, BNNTs were synthesized by chemical vapor deposition using amorphous boron as the boron source and ammonia gas as the nitride source. A metal catalyst was used to initiate the formation and growth of the nanotubes at the reaction temperature. Transition metal oxides are the commonly used source for the catalyst and in this case, nickel oxide was chosen. Because the focus of the work is on magnetic properties of the synthesized hybrid material, nickel present in the nanotubes was not removed, which is usually carried out via acid treatment.^[@ref19],[@ref20]^ Magnetic property studies were carried out on synthesized BNNTs with nickel impurities.

2. Results and Discussion {#sec2}
=========================

2.1. Nanotube Characterization {#sec2.1}
------------------------------

Scanning electron microscopy (SEM) was performed using a Hitachi S3400N. The 5:1 ratio gave a structure similar to that of the tentacles found on the marine animal known as bubble-tip sea anemones. In [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the aforementioned similarity is observed. The 2:1 ratio gave tiny ball-like structures which were dispersed among unreacted compounds as shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01408/suppl_file/ao0c01408_si_001.pdf) S1.

![SEM image of nanotubes synthesized at 5:1 ratio.](ao0c01408_0002){#fig1}

However, when the ratio was increased to 10:1, the nanotubes obtained had a perfect tubular structure and also, the tube growth was uniform. In these ratios, the larger part represents boron, whereas the smaller part represents nickel oxide. All these ratios are in terms of weight only.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b shows the as-synthesized nanotubes and their structures can be clearly observed, although they appear in bundles. Also seen in these images are unreacted precursors. The formed nanotubes were quite long and continuous. Due to the random and irregular growth found in the 2:1 and 5:1 ratios, the latter 10:1 ratio was chosen for synthesizing the nanotubes. All the SEM images including the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01408/suppl_file/ao0c01408_si_001.pdf) S1, [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, and [2](#fig2){ref-type="fig"}a,b show unreacted compounds; only after the reaction ratio was optimized to 10:1, the thermal purification process was included in the final synthesis procedure.

![(a) As-synthesized nanotubes using 10:1 ratio (b) at higher magnification.](ao0c01408_0003){#fig2}

A JEOL 3010 high-resolution transmission electron microscope was used to study the morphology of the tubes and images were taken at various magnifications. Although the synthesized nanotubes were linear, the perceived defects in the images were due to the ultrasonication procedure.^[@ref21]^ From [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, it can be said that the nanotubes have undergone a base growth mechanism and nickel is present within the nanotube. Because the sample was thermally purified, the black particles in the tubes are nickel, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,c. This metallic nickel present in the base of the nanotube and scattered along the tube length contributes to ferromagnetism exhibited by the material. The average tube diameter was found to be 63 nm. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d shows higher magnification of the tube.

![(a) Base growth mechanism; (b,c) presence of Ni particles; and (d) magnified portion.](ao0c01408_0004){#fig3}

X-ray diffraction (XRD) was carried out using a Rigaku Ultima III with Cu Kα at λ = 1.54 Å, which was used to confirm the formation of nanotubes and determine its structure. Lattice parameters of the sample were determined using Crystal Impact Match software. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, the spectra of the as-synthesized BNNTs are shown. Peaks at (002), (100), (101), (004), and (110) confirm the presence of h-BN.^[@ref22]^ The peak at the (200) plane corresponds to nickel,^[@ref23]^ which confirms its presence in the material.

![XRD spectra of as-synthesized nanotubes.](ao0c01408_0005){#fig4}

Lattice constants were *a* = 2.5040 and *c* = 6.6612 Å and these values were found to be reported in various literature studies.^[@ref7],[@ref20]^ The software also confirms the crystal system to be hexagonal.

In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the Raman spectra of BNNTs are shown and were collected using a Horiba Jobin Yvon LabRAM HR micro Raman system. The high peak at 1369 cm^--1^ was due to the characteristic E~2g~ in-plane vibration of the h-BN network^[@ref24]−[@ref26]^ and from this peak, it could be said that the synthesized BNNTs were highly pure.

![Raman spectra of the as-synthesized sample.](ao0c01408_0006){#fig5}

X-ray photoelectron spectroscopy (XPS) was performed using a PHI 5000 Versaprobe III with a Al Kα source and was used to confirm the presence of BNNTs and also was used to check their purity.^[@ref27]^ The binding energy of carbon was corrected to 284.5 eV. The survey spectrum of the sample is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, along with the atomic percentage of elements present in the sample material. The B/N ratio is closer to 1. The peaks at 75 eV and around 120 eV correspond to Al 2p and Al 2s, respectively; these peaks arise from the alumina crucible which was used to synthesize the BNNTs. Presence of aluminum does not affect the magnetic property of the material.^[@ref28]^

![(a) Survey spectra of purified nanotubes and (b) binding energy levels of B 1s and (c) N 1s and (d) C 1s and (e) Ni 2p spectra.](ao0c01408_0007){#fig6}

In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c, individual deconvoluted binding energies of nitrogen and boron are shown. The presence of carbon and oxygen in the spectrum is from the instrument itself and exposure to the atmosphere.^[@ref29]^ The B 1s peak in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows the binding energy at 190.2 eV and for the N 1s peak in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c , it is at 398.2 eV. With this, it can be said that the synthesized material was BNNTs. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d shows the deconvoluted spectra of C 1s. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e shows the individual spectra of nickel.

2.2. Application Characterization {#sec2.2}
---------------------------------

Cyclic voltammetry studies were carried out on a Metrohm Autolab PGSTAT 302N potentiostat. BNNTs were dispersed in a polyvinylidene difluoride solution and this suspension was coated on a graphite electrode. The electrode was then cured for a day at 100 °C. The graphite electrode was weighed before the suspension was coated onto it. The electrode was then placed into the cell setup which had 0.1 M KOH as the electrolyte and the experiment was carried out. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a--d show the voltammetry plots of the nanotubes at various scan rates. From this, it is evident that the current generated by nanotubes was very minimal. This experiment further establishes the fact that the nanotubes are dielectric in nature.

![Cyclic voltammetry carried out at various scan rates (a) 10, (b) 30, (c) 50, and (d) 100 mV.](ao0c01408_0008){#fig7}

A JASCO V-650 spectrophotometer was used to calculate the band gap energy for the synthesized BNNT sample. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the ultraviolet spectrum of the sample. An absorbance peak occurs at 217 nm. Based on the wavelength, the band gap energy of as-synthesized BNNTs was found to be 5.7 eV, which very well puts them in the category of wide-bandgap semiconductors^[@ref30],[@ref31]^ and this value was found to be in agreement with that in the literature,^[@ref32]−[@ref34]^ but the band gap energy for pure BNNTs was found to be closer to 6.0 eV.^[@ref4],[@ref35]^ This decrease in bandgap energy is due to nickel which imparts some conductivity to the nanotubes.^[@ref16]^

![UV--diffuse reflectance spectra of the nanotubes.](ao0c01408_0009){#fig8}

Finally, magnetic properties were studied for the thermally purified BNNT sample, which were studied on a Quantum Design PPMS-VSM. The temperature dependence of magnetization for both zero field cooled (ZFC) and field-cooled-cooling (FC) cases is observed in the magnetic field of 0.01 T for the nanotubes, as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. For thermomagnetic measurements, the specimen was cooled from 300 to 5 K in the absence of a magnetic field; subsequently, the data were recorded during heating from 5 to 300 K (ZFC) in an applied field of 0.01 T.

![(a) ZFC and FC curves of nickel-incorporated BNNTs (b) exhibiting weak ferromagnetism.](ao0c01408_0010){#fig9}

Then, without removing the external field, data were recorded with decreasing temperature, that is, FC up to 5 K and the magnetization direction of each particle was frozen in the magnetic field direction. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a also shows that the magnitude of magnetization has increased with decreasing the temperature for the FC curve and reached the magnetization value of 0.26 emu/g at 5 K, and for the ZFC curve, magnetization has decreased with decrease in temperature and reached the magnetization value of 0.21 emu/g at 5 K. Thus, the temperature-dependent magnetization ZFC and FC clearly show a weak ferromagnetic behavior from room temperature to low temperature. The isothermal magnetization of BNNTs measured at various temperatures (5, 10, 20, 30, 40, 50, 100, 150, 200, 250, and 300 K) in the applied magnetic field of 2 T is shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b, and here, it does not show hysteresis loops and the value of saturation increased sharply with increasing the magnetic field strength for the nanotubes.

Isothermal magnetization of the nanotubes shows weak ferromagnetic nature for all temperatures, and the magnitude of saturation magnetization has increased with decreasing temperature with respect to the magnetic field of 2 T, as shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}b. The coercive field (*H*~C~) was calculated using *H*~C~ = \|*H*~1~ -- *H*~2~\|/2, where *H*~1~ denotes the negative field and *H*~2~ denotes the positive field at which the magnetization tends to zero. These values are shown in [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a. The (*H*~C~) value is minimum at room temperature and maximum at low temperature (5 K), indicating that BNNTs exhibit weak ferromagnetism temperatures from the room-temperature to low-temperature region.

![(a) Coercivity nanotubes at various temperatures and (b) isothermal magnetization of the nanotubes.](ao0c01408_0011){#fig10}

3. Conclusions {#sec3}
==============

BNNTs were synthesized by chemical vapor deposition technique with a nickel oxide catalyst. The mean diameter of the nanotubes was around 63 nm. XRD confirms that the synthesized material is h-BN. Nanotube growth and morphology were observed via SEM. High-resolution transmission electron microscopy (HRTEM) confirms that the growth mechanism was by the base-growth model. BNNT formation is corroborated by Raman and Fourier transform infrared (FT-IR) studies. Straight nanotubes were obtained using the ratio 10:1, whereas the 5:1 ratio yielded an irregularly shaped structure. The 2:1 ratio gave a completely different morphology, viz., tiny balls. The reaction temperature was 1150 °C for all these ratios. With this, the synthesis of the nanotubes was optimized to 10:1 ratio. XPS revealed the formation of BNNTs; at 850 eV, there appears a small peak corresponding to nickel and the intensity of this peak is minimal because of the fact that the concentration of the metal oxide catalyst used was low.

Magnetometer studies revealed that the synthesized nanotubes exhibited stable ferromagnetism at room temperature; this property is solely due to the presence of nickel. Nickel in the nanotubes is affirmed by XRD and also by HRTEM, where the metal is the nucleating agent. The synthesized nanotubes have a band gap energy of 5.7 eV, making them wide-bandgap semiconductors. Furthermore, the dielectric nature of the nanotubes was confirmed by the cyclic voltammetry study.

Thus, by the presence of both the semiconducting property and ferromagnetism in the nanotubes, we propose that the synthesized material is a stable magnetic semiconductor. Such a material would find great use in the field of spintronics as magnetic semiconductors are an important component in such devices, which includes magnetoresistive random access memory, optical switches, and quantum computers.

4. Experimental Section {#sec4}
=======================

4.1. Materials {#sec4.1}
--------------

To synthesize the BNNTs, amorphous boron (95%, Merck) and nickel oxide (Extra pure, Loba Chemie) were used as purchased. Ammonia gas of 99.998% purity was used as the nitrogen source and nitrogen gas was used to maintain an inert atmosphere inside the tubular furnace. Here, the BNNTs were purified by the air oxidation method.^[@ref36]^ To dissolve the oxidized compounds after the thermal purification stage, double distilled water was used.

4.2. Methods {#sec4.2}
------------

The nanotubes were synthesized in three different ratios, namely, 2:1, 5:1, and 10:1 (B/Ni~2~O~3~). The reaction was carried out in a high temperature tubular furnace. The contents after milling were transferred to an alumina boat, and the mixture was spread evenly to obtain maximum surface area and was loaded into the furnace. The furnace was made to reach a temperature of 1150 °C under a nitrogen atmosphere at a flow rate of 150 mL/min as in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}. At this temperature, the nitrogen flow was stopped and ammonia gas was passed at a flow rate of 100 mL/min for 1 h as in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. After 1 h, nitrogen was passed until 750 °C, after which the furnace tube was flushed with zero air until room temperature to undergo oxidation in order to remove unreacted boron and boron nitride, which were easily dissolved in boiling water. In [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}, the heating and gas flow pattern followed for BNNT synthesis is shown.

![Heating pattern for nanotube synthesis including the thermal purification stage.](ao0c01408_0012){#fig11}

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01408](https://pubs.acs.org/doi/10.1021/acsomega.0c01408?goto=supporting-info).SEM images of the sample obtained when the 2:1 (B/Ni~2~O~3~) ratio was used (Figure S1) and the FTIR spectra of the BNNTs (Figure S2). The peak at 3214 cm^--1^ is because of the water absorbed,^[@ref37]^ this also confirms the presence of hydroxyl bond to boron as shown in eq 2 and the broad peak at 1400 cm^--1^ is due to the stretching between h-BN.^[@ref24],[@ref38]^ The peak at 1234 cm^--1^ is due to the B--O in-plane bending, which confirms the presence of B--O bonds in the sample,^[@ref39]^ whereas the narrow peak at 760 cm^--1^ is due to the out of plane bending vibration between B--N--B.^[@ref25]^ Peak at 2536 cm^--1^ corresponds to the carbon dioxide absorbed^[@ref40]^ from the atmosphere. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01408/suppl_file/ao0c01408_si_001.pdf))
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